Residual stresses of the multilayer composite disks produced by a powder metallurgical process were calculated by classical analytical techniques and finite element method. The layer composites have a structure of SiC/SiC+TiC/TiC/TiC+Ni/Ni system in which the thermal expansion coefficient increases in the order of SiC<TiC<Ni. Large tensile stresses are noteworthy in or near SiC layer in the direction parallel to interface, and over the range of SiC to TiC in the perpendicular direction along free edge. These calculations explain cracking in ceramic part of the layer composite. The stresses decrease with an increase in the number of mixture layers, according to which cracking was prevented. The two calculation methods give the similar results.
Introduction
The authors have studied on the multilayer composites of SiC-TiC-Ni system and reported that TiC layer was effective to prevent the reaction of SiC with Ni, and cracking in the ceramic part, which was observed during cooling after bonding, was suppressed by grading the intermediate composition. The analysis of thermal stress is very important to estimate which structure is better or best. It has been demonstrated by the calculation 2-4) that the stress can be reduced by controlling the compositional gradient for ceramic-metal joint having rod or disk shape. The stress analysis has been performed historically for directly-bonded materials. The stress distributions are characterized typically by the following three stress components: normal stress parallel to interface; normal stress perpendicular to interface; shear stress near interface. The former one is predominant near center. On the other hand, the latter two become large near free edge, among which the stress concentration of normal component is especially serious .In the present work, the residual stresses of multilayer composite disks of SiC-TiC-Ni system were calculated with respect to the normal stress components near central axiss and near free edge. stresses also decrease with an increase in the number of stacked layers. As described in Sections 3.1 and 3.2, there are two causes for cracking: tensile stresses in the parallel direction near center and in the perpendicular direction near free edge. Since cracks are connected within layers, it is obscure which initiates cracking. It is undoubted in any case that cracks propagate according to the stress distributions.
4 Finite element method The following two samples were analyzed by a finite element method.
(d) SiC / TiC // Ni (e) SiC / SiC68% / SiC35% // TiC70% / TiC30% / Ni These are somewhat different in layer thickness and composition from the samples in the previous sections. The total thickness is about 2mm. Sample (d) is non-gradient material. Sample (e) is gradient material, in which SiC+TiC layer was bonded to TiC+Ni layer without TiC layer. Cracking was observed in both (d) and (e).
The analyses were performed for disk shape models using triangular elements. They were treated as an axisymmetric two-dimensional problem. Figure 6 shows the finite element grid of half the vertical section. The origin is the intersection between central axis and bottom surface. The geometry is expressed by z and r which mean axial and radial directions, respectively. In sample (d), the division number is 20 on r axis, and 10 per layer, i.e., totally 30 on z axis. In sample (e), the division number is 20 on r axis, and 6 per layer, i.e., totally 36 on z axis. The neighborhoods of interfaces and disk edge are divided into finer elements to demonstrate the stress distribution in detail. Thermal expansion coefficients, Young's moduli and Poisson's ratios, described in Section 2, are used for the calculation. Figure 6 also shows the residual displacement obtained from the analysis. It is found that the disk edge moves downward, indicating bending with ------: Analytical technique . SiC on the convex side. From the evaluation of residual stresses, it was confirmed that the predominant stress is or, near central axis and ox near free edge. The stress distributions are shown in Figs. 7 and 8, in which the finite element analyses are compared with the analytical calculations. Near central axis, a, is the same parameter as ox used in the previous section. The stress distributions are similar in both methods. There are some discrepancies in stress value. The reason may be that the analytical method is based on a simple beam theory in the present work where only longitudinal stress is analyzed without considering stresses in the lateral directions. Near free edge, the finite element analysis shows stress singularities at interfaces with respect to oz It has been suggested that the region of stress singularity becomes small by grid refinement and the anomaly occurs because the assumption of a symmetric stress tensor does not hold at the singularity. An accurate solution may be obtained far from the singularity. In practice, furthermore, the stress singularity is unbelievable because such a large stress concentration may be reduced by the plastic deformation of materials or the local mixing at the interface. Such a singularity does not appear in the analytical calculation, in which the maximum stresses at interface are given by the literature5 although it is unknown how they solved the problem of stress singularity. The stress distributions are also similar in both methods, except the singularity. The discrepancies in stress value may be caused by the assumption of linear stress function in the analytical method, and the large difference in Young's modulus between TiC and Ni which limits the validity of Eqs. (6) and (7).
Conclusion
Residual stresses of the multilayer composites of SiC-TiC-Ni system were calculated by analytical techniques and finite element method. The calculations explain the appearance of cracks in the ceramic part very well. Tensile stress in the direction parallel to interface causes cracking in the perpendicular direction, whereas tensile stress in the perpendicular direction along free edge causes cracking in the parallel direction. The stresses can be reduced by finer compositional gradient. Al- 
